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Abstract
Dry regenerable sorbent technology is one of the emerging technologies as a cost-effective and energy-efficient technology for 
CO2 capture from flue gas. Six potassium-based dry regenerable sorbents were prepared by spray-drying techniques. Their 
physical properties and reactivities were tested to evaluate their applicability to a fluidized-bed or fast transport-bed CO2 capture 
process. Each sorbents contained 35 wt% of K2CO3. All sorbents were sufficient with either attrition resistance or reactivity, or 
both properties. Sorb KT-5 and KZ-5 sorbents satisfied most of the physical requirements for a commercial fluidized-bed reactor 
process along with good chemical reactivity. These sorbents had a spherical shape, an average size was 134, 121 !m, 
respectively.  The particle size distribution of these two sorbents had the same range of 40∀250 !m, and the bulk density of 
approximately 0.85 g/mL. The attrition index (AI) of Sorb KT-5 and Sorb KZ-5 reached below 3% compared to about 20% for
commercial fluidized catalytic cracking (FCC) catalysts. CO2 sorption capacity of Sorb KT-5 and Sorb KZ-5 was range of 6∀10
wt% in the simulated flue gas condition. These sorbents showed almost-complete regeneration at temperatures less than 140°C.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
Carbon dioxide is a major greenhouse gas involved in climate change, and is produced in large quantities as a 
result of fossil fuel use in the industries such as power generation and steel production. Fossil fuel-fi red power 
plants are the main source of carbon dioxide emissions throughout the world, contributing approximately 40% of 
total global emissions. Coal -fired power plants alone contribute approximately 70% of the emissions from fossil-
fuel -fired power plants [1].
To cap atmospheric CO2 concentrations at less than 550 ppm, a global average emission rate of below 0.055 
kgC/kWh would need to be achieved by the latter half of the 21st century [2]. Therefore, it will be necessary to have 
diverse approaches such as efficiency improvements, switching to fuels with less carbon emission, as well as carbon 
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dioxide capture and sequestration. The application of carbon capture technology, if it is economically viable, is 
apparently the fi rst direct step in reducing the CO2 emission rate from fossil fuel conversion systems instead of a 
mere dilution of the emitted CO2 through an energy mix. Recently, considerable attention has been directed towards 
cost-effective and energy-efficient CO2 capture and sequestration techniques, which are aimed at capturing CO2
released from fossil fuel-fi red power plants. There are many techniques available for CO2 capture, which all have
advantages and limitations. One of the advanced concepts for CO2 capture is absorption process using dry 
regenerable sorbents [3]. White et al. published a critical review on this subject [4].
Thermodynamic analysis [5] of potential materials for dry regenerable sorbents has shown that alkali metal 
carbonates are suitable for use in flue gases at temperatures below 200#C. The CO2 capture process using dry 
regenerable sorbents consists of two reactors of carbonation and regeneration. The following reaction [5-6] proceeds 
in each reactors:
Carbonation: M2CO3 + CO2 + H2O ∃ 2MHCO3 + Heat                      (1)
Regeneration: 2MHCO3 ∃ M2CO3 + CO2 + H2O                                (2)
Here, M denotes Na or K, and the reaction enthalpy of (1) for Na and K is –31.69 and –33.74 kcal/mol
respectively.   
A dry regenerable sorbent for the CO2 capture process of in a fluidized-bed and transport reactor can be used to  
treat large volume of flue gases from fossil-fuel-fi red power plants. This process has several advantages over other
processes: better gas contact with smaller sorbent particles, ease of sorbent make-up and removal, easy control of 
the exothermic carbonation reaction temperature, and continuously steady operation.  The fluidized-bed/transport 
reactor process requires a sorbent which maintains its structural integrity during repeated use, because the attrition 
of sorbents can result from both physical attrition such as friction and collision as well as chemical transformations 
like volume changes caused by reaction. Therefore, a dry regenerable sorbent must have a high attrition resistance, 
high sorption capacity within a reasonable contact time (2–8 s), and good flow characteristics like high bulk density. 
It must also be regenerable for multi-cycle use and be competitive in price [7-9].
This paper presents the CO2 sorption capacity, rate and regenerability as well as the important physical properties 
of six potassium-based solid sorbents. The sorbents were prepared using a spray-dryer, with a focus on their 
application to a fast fluidized-bed reactor process and the reactivity was tested by thermogravimeteric analysis 
(TGA).
2. Experimental
2.1. Preparation of the Sorbents
The sorbent was produced using a spray-drying technique that is easily scalable to commercial quantities [10-11]. 
Sorbent was routinely spray dried in batches of approximately 6∀8 kg. The Sorbent preparation process consists of 
several steps: 1) mixing the raw materials in water with dispersants, 2) comminution of the raw materials and 
colloidal slurry preparation with a high-energy bead mill, 3) spray drying to form a spherical-shaped green body, 
followed by pre-drying and calcination steps.
The raw material consisted of an active material, a support, inorganic binders, water as solvent, organic additives 
as dispersants, a defoamer, and an organic binder. Commercial grade K2CO3 was used as the active ingredient. Six 
formulations containing approximately 35 wt% of the solid active materials were designed to prepare the dry 
regenerable CO2 sorbents, which were designated as Sorbs KT-5, KT-7, KZ-5, KH-5, KHZ-5, KNT-5.
To produce the spherical sorbents without defects, such as doughnut, hollow, and dimple shapes, properties are 
controlled by the concentration, viscosity, pH of the slurry through the addition of organic additives such as 
dispersants The average particle sizes of the solids in the slurry were typically in the submicron range. In this work, 
a commercial pump was used and the slurry with high viscosity was successfully spray-dried. Sorbents that were 
spray dried before and after the calcination step had spherical shapes. The organic additives were burnt during the 
calcination step. The sorbents were calcined in a muffle furnace at 500, 550, 600, and 650 #C under an air 
atmosphere.
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2.2. Measurements of the Sorbents
Physical properties of spray-dried sorbents were characterized by the routine analytical methods. The attrition 
resistance of sorbents for fluidized-bed application was measured with a modified three-hole air-jet attrition tester 
based on the ASTM D 5757-95. A lower value of attrition index (AI) indicates better attrition resistance of bulk 
particles. Chemical reactivity of sorbents was assessed using a thermogravimetric analyzer (TGA, Rheometric 
Scientific STA 1500). Carbonations were done at 70 #C and regeneration at 140 #C. The simulated flue gas 
compositions were 14.4 vol% CO2, 5.4 vol% O2, 10 vol% H2O, and N2 balance. Regeneration gas was a neat N2 gas. 
A total flow rate for carbonation and regeneration was 60 mL/min (standard). The more details of experiments are 
found elsewhere [10].
3. Results and discussion
All sorbents satisfied most of the physical requirements for a commercial fl uidized-bed reactor process. They 
have spherical shape, average size range of 110∀150 !m, size distribution of 40∀250 !m, and bulk density range of 
0.66∀0.95 g/mL. The attrition indices (AI) of sorbents by ASTM D 5757-95 (10 slpm) reached below 15% 
compared to about 20% of commercial fluidized catalytic cracking (FCC) catalysts. The TGA CO2 sorption capacity 
of Sorb KT-5 and Sorb KZ-5 was range of 6∀10 wt% in the simulated flue gas (10 vol % H2O) condition. These 
sorbents showed almost-complete regeneration at temperatures less than 140°C. It was also observed that optimal 
sorption capacity of K-based sorbent occurred at 70 oC with 10 vol% H2O. It is to note that the characteristics of 
CO2 sorption capacity of sorbents developed here are very sensitive to water vapor content in the simulated gas. 
Figure 1 shows microscope image of the spray-dryed sorbents. All the sorbents appear as a nearly sphere shape 
without a hollow or winkled region.
(a)                                      (b)                                   (c)
                                             (d)                                     (e)                                     (f)
Figure 1. Microscope of spay-dried sorbents ((a) : KT-5, (b) : KT-7, (c) : KZ-5, (d) : 
KHT-5, (e) : KHZ-5, (f) : KNT-5).
Figure 2 shows the AI and CAI of each sorbents on calcinations temperature. The AI and CAI of spray-dryed 
sorbents in this study, has a value of 15% except Sorb KHT-5 calcined at 650 #C, that is a lower than that of 
commercial FCC catalyst. Therefore, Attrition resistance of these sorbents was to be used in fluidized-bed processes. 
Sorb KT-5, KT-7 and KZ-5 showed superior attrition resistance with a high bulk density above 0.80 g/mL. The high 
attrition resistance of KT-5, KT-7 and KZ-5 provides a low level of additional sorbent during CO2 removal in a 
fl uidized-bed because loss of sorbent by attrition is decreased. In addition to the basic physical properties, the high 
attrition resistance and bulk density of KT-5, KT-7 and KZ-5 offer considerable advantages for a process developer 
wishing to consider the feasibility of the use of dry regenerable sorbent technology for removing CO2 from flue gas. 
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Figure 2. Attrition indices of spray-dried sorbents.
Table 1 summarizes the physical properties of the spray-dried sorbents. The bulk density, size and size 
distribution of the sorbent are essential parameters for evaluation of the fluidization and solid circulation 
characteristics in a fluidized-bed reactor process. An average particle size of 110∀150 !m and bulk density higher 
than 0.8 g/mL is recommended for fluidized-bed applications.
Table 1. Physical properties of the spray-dried sorbents
Properties KT-5 KT-7 KZ-5 KH-5 KHZ-5 KNT-5
AVg. Size/㎛ 134 133 121 132 150 111
Tap density/g/mL 0.88 0.95 0.84 0.66 0.69 0.81
BET/m2/g 40.7 41.6 50.0 54.9 42.0 37.0
Hg Porosity/% 69.1 55.2 71.6 66.7 64.8 60.7
The average particle size of the sorbents in this work was 110∀150 !m and a size distribution of 40∀250 !m. All 
the sorbents developed in this study have porosities of over 55% and their porosities were maintained at different 
calcination temperatures. The surface area of KT-5, KT-7 and KZ-5 were over 40 m2/g. A large surface area, pore 
volume and high bulk density of Sorb of KT-5, KT-7 and KZ-5 are good features for potential fluidized bed 
application. A large surface area and pore volume is closely related to the chemical reactivity of the sorbents. 
Because a fluidized-bed or transport reactor is designed based on the volume of the sorbent it holds, not the weight 
of the sorbent, greater sorbent circulation can be achieved between the two reactors when the bulk density of the 
sorbent is increased.
Multicycle tests for Sorb KT-5 sorbent with the TGA system were performed to evaluate CO2 sorption capacity 
and regenerability. Each cycle test of carbonation was run after 30 min water vapor exposure. The results are shown 
in Figure 3. The carbonation temperature of 3 cycles was 70 oC. Cycles 2∀3 was performed after sorbent from 
previous cycle regenerated at 140 oC. The CO2 removal capacity of Sorb KT-5 sorbent was not decreased compared 
to cycle 1 while cycle 4 showed no difference from cycle 1, which possibly indicated negligible sorbent 
deterioration. It seemed that regeneration of the sorbent at 140 oC may enough to ensure the repeated use of sorbent 
for CO2 removal in the fluidized-bed reactor process with 140
oC regeneration. The dependence of the CO2 sorption 
reaction on calcination of the sorbents developed in this study was examined. 
Figure 4 shows the effects of calcination temperature dependence on CO2 sorption capacity for various sorbents 
at 70 #C carbonation and 140 #C regeneration. Among these sorbents, Sorb KZ-5 has the maximum CO2 sorption 
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capacity (7∀10 wt%) of the calcinations temperature range of 500∀650 #C. It is should be noted that the CO2
sorption capacity of KT-7 on calcinations temperature has similarvalue (7 wt %). 
This means that Sorb KT-7 has relatively highly thermal stability. On the other hand, the CO2 sorption capacity of 
KHT-5, KHZ-5 and KNT-5 shows variable value on calcination temperature.
Figure 3. Multicycle CO2 sorption profiles of Sorb KT-5.
Figure 4. Calcination temperature dependence of the CO2 sorption capacity at 70#C carbonation.
4. Conclusions
Using spray-drying techniques, six sorbent formulations containing 35 wt % of K2CO3 were spray-dried to form 
dry regenerable sorbents for CO2 capture from flue gases. Physical properties of all sorbents i.e. shape, size, size 
distribution, bulk density, attrition resistance, etc, were characterized. All sorbents showed average particle sizes in 
the range of 110∀150 !m and a size distribution of 40∀250 !m that are appropriate for fluidized-bed application. 
The bulk density of the sorbents ranged from 0.66 to 0.95 g/mL. The bulk density of KT-5, KT-7 and KZ-5 was 
over 0.8 g/mL.  Sorb KT-5, KT-7 and KZ-5, which had high surface area and high CO2 sorption capacities over 6
wt %.  Sorb KT-5, KT-7 and KZ-5 satisfied almost all the requirements for a commercial fluidized-bed process in 
the initial lab-scale tests. It had superior attrition resistance, high CO2 sorption capacity, and high bulk density. 
These characteristics arethe most important parameters for the compact design of processes aimed at reducing the 
total capital and operating cost. In the TGA runs, all the potassium-based dry regenerable CO2 sorbents were almost 
completely regenerated at 140#C. This suggests that dry regenerable sorbent technology should be investigated 
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further as a method for capture of CO2 from flue gas. Sorbent development work will continue with particular 
emphasis on improvement of bulk CO2 removal, optimization of compositions, scale-up, and commercialization of 
dry regenerable sorbent technology based on this work.
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